Abstract -This paper demonstrates a robust diffusionweighted single-shot fast spin echo (SS-FSE) sequence in the presence of significant off-resonance, which includes a variable-density acquisition and a self-calibrated reconstruction as improvements. A non-Carr-PurcellMeiboom-Gill (nCPMG) SS-FSE acquisition stabilizes both the main and parasitic echo families for each echo. This preserves both the in-phase and quadrature components of the magnetization throughout the echo train. However, nCPMG SS-FSE also promotes aliasing of the quadrature component, which complicates reconstruction. A new acquisition and reconstruction approach is presented here, where the field-of-view is effectively doubled, but a partial k-space and variable density sampling is used to improve scan efficiency. The technique is presented in phantom scans to validate SNR and robustness against rapidly varying object phase. In vivo healthy volunteer examples and the clinical cases are demonstrated in abdominal imaging. This new approach provides comparable SNR to previous nCPMG acquisition techniques as well as providing more uniform apparent diffusion coefficient maps in phantom scans. In vivo scans suggest that this method is more robust against motion than previous approaches. The proposed reconstruction is an improvement to the nCPMG sequence as it is auto-calibrating and is justified to accurately treat the signal model for the nCPMG SS-FSE sequence.
in the B 0 field. As a result, the SS-FSE sequence is of particular value when imaging in regions such as the abdomen where B 0 inhomogeneity is significant due to susceptibility differences. The basic formulation for a SS-FSE sequence is 90
. . where τ is the echo spacing between each echo. SS-FSE sequences have a strict requirement that the basic sequence is formulated such that transverse magnetization at half the echo spacing (τ/2) before the refocusing echo train is either parallel (in phase with) or anti-parallel (90 • out of phase with) the phase of first refocusing RF pulse. This is known as the MeiboomGill (MG) condition [1] . The MG condition, together with the Carr-Purcell (CP) condition [2] , which specifies proportional gradient refocusing areas, forms what is known as CPMG, which is the basis of most SS-FSE sequences.
Violation of CPMG typically leads to streaking, banding, and image dropout artifacts. Thus, typical SS-FSE application precludes the use of any magnetization preparation module that would perturb the initial phase away from what is required by the MG condition. Such modules could be diffusion preparation, T * 2 preparation, thermal imaging, etc. The application presented here is diffusion imaging, where a diffusion SS-FSE sequence could be framed as 90
. . This sequence violates CPMG, as any bulk or incoherent motion during the diffusion preparation leads to spatially-varying phase, thereby removing any assurance that the transverse magnetization phase would be in compliance with the MG condition.
There have been many approaches to reconcile the use of diffusion with a SS-FSE sequence, though each one comes with drawbacks. Alsop proposed [3] a method whereby the signal is dephased by a small gradient blip prior the refocusing pulse train to disperse the magnetization across the voxel.
Components not in agreement with MG are tipped back and "hidden" on the longitudinal axis by an additional 90 • pulse. While this approach is robust, it does come with the cost of half the SNR and additional crushing. Nunes et al. [4] proposed a correction for object motion and eddy currents phase patterns by acquiring a calibration scan and tailoring RF pulses for each subject prior to the FSE train. While this approach would work with repetitive motion such as cardiac motion, it would not be applicable to random patient movements during a scan.
Multi-shot FSE approaches have also been proposed to handle the loss of CPMG caused by diffusion while retaining the geometric advantages of FSE. The most common method is the Periodically Rotated Overlapping ParallEL Lines with Enhanced Reconstruction (PROPELLER). This has been extended to a multi-shot FSE approach used in [5] . The same phase correction approach can be used with DW-prepared FSE sequence at the condition to render this FSE sequence immune to the CPMG condition violation. In [6] the signal is preserved throughout the echo train by XY phase cycling (a simpler phase modulation scheme than the one used in this study where the transmit phase is always along x or y) [7] , [8] . Another approach using PROPELLER and a phase insensitive FSE uses the SPLICE paradigm [9] inherited from [10] to preserve the signal and avoid artifacts caused by CPMG violation [11] .
This work uses the non-Carr-Purcell-Meiboom-Gill (nCPMG) phase modulation technique [12] for diffusionweighted SS-FSE imaging. The nCPMG technique applies a quadratic phase sweep to the series of refocusing pulses that maintains and stabilizes the signal magnitude from echo to echo, regardless of the initial phase of the transverse magnetization leading into the echo train. This method has been applied in neurological studies [13] [14] [15] and, recently, abdominal imaging [16] . However, one drawback of the nCPMG approach is the additional reconstruction complexity introduced by the alternating sign of the refocused quadrature component of the initial transverse magnetization. The nCPMG approaches that doubly acquire each phase encode to resolve the alternating quadrature sign [12] incur significant phase encode blurring due to the increased echo train length and subsequent T 2 modulation, as well as increased specific absorption rate (SAR) accumulation. The reconstruction approach we first introduced in [16] requires fewer phase encodes, but needs an additional reference scan to generate calibration maps for reconstruction. This approach can result in misregistration of the calibration maps due to motion between scans and increases total exam times. This paper proposes an alternative, self-calibrating reconstruction approach for the nCPMG technique. Specifically, the proposed reconstruction allows fewer phase encodes than previous reconstruction approaches and does not impose the need for additional calibration scans. This reconstruction is tested in phantom and in vivo for abdominal test cases. This paper addresses SNR, accuracy for quantitative diffusionweighted imaging, and motion considerations.
II. THEORY A. General Principles of the Reconstruction
The physics behind the nCPMG phase cycling and associated impacts on the acquired signal have been discussed at length. We refer the reader to those publications for sufficient background information [12] , [17] . However, to motivate the need for the proposed reconstruction, we remind the reader that the signal progression-typically written in blocks of two echoes n = 1, 3, . . .-of any SS-FSE experiment is
where Q 0 = X + jY is the initial magnetization and Q * 0 is its conjugate. The coefficients A n ∈ C and b n ∈ C are described by Norris et al. [10] as the coefficients corresponding to the "main" and "parasitic" components of the echo signal, respectively. One can make assumptions regarding these coefficients based on the nCPMG phase cycling approach, namely that a properly designed quadratic phase modulation will ensure A n and b n are stable from echo to echo, thus becoming independent of n ( A n = A and b n = b). However, Le Roux has shown that A is approximately orthogonal to b, and that b is nearly imaginary, which gives |A + b| ≈ |A − b| [17] .
Expanding for Q 0 and Q * 0 in Eq. 1 yields
The Y magnetization experiences a ±1 modulation from echo to echo, which would result in that portion of the magnetization being shifted by 1/2 FOV for a standard spin-warp acquisition. This reconstruction becomes further complicated due to the spatially varying phase terms from the A +b, A −b, and the e j ϕ terms.
There have been several proposed methods to resolve this aliasing artifact of the Y magnetization. The first approach doubly acquires each phase encode and then adds and subtracts each echo pair (Double Echo Addition/Subtraction Method, DEASM) which yields the X and Y components [12] , [18] . Mathematically this expressed as
However, this formulation neglects T 2 decay from echo to echo. Including decay, this has been written [16] as
where τ is the time between each echo. Assuming a typical T 2 for muscle at 3T, the hyperbolic sinusoidal terms are then cosh (τ/2T 2 ) ≈ 1 and sinh (τ/2T 2 ) ≈ 1/20, which leaves residual aliasing in the DEASM reconstruction method. Additionally, the proposed DEASM approach requires doubly acquiring each encode, which doubles the echo train and increases SAR and T 2 blur. Alternatively, a Split Echo SENSE reconstruction approach has been proposed [16] . This method splits the even and odd echoes into two separate reconstruction problems. Each echo set is then reconstructed using the SENSE (sensitivity encoding) [19] algorithm, yielding two images Q 0,e and Q 0,o for the even and odd echoes, respectively. The resulting two images are then combined
which makes the approximation
Split Echo SENSE removes the T 2 corruption issue seen in DEASM, reduces SAR and phase encode blur as it is accelerated R = 2 in the phase encode direction compared to the DEASM method, but it still requires an external calibration map. This external calibration is problematic in the presence of motion as misregistration between the calibration map and the acquired data can occur. In the abdomen there is significant superior/inferior respiratory motion. Consequently, it has been shown that misregistration-induced artifacts appear if the calibration scan is not performed in the same respiratory phase as the final acquisition scan [20] , [21] . While respiratory gating can ameliorate this problem to an extent, this adds increased scan time and cannot guarantee perfect synchronization between calibration data and the final image data. Additionally, while this method approximately fits the nCPMG signal model (Eq. 1), that approximation can lead to errors, namely when generating accurate apparent diffusion coefficient (ADC) maps.
A new reconstruction technique is proposed here that accurately treats the signal model for the nCPMG SS-FSE sequence. This double field-of-view (DFOV) method approaches the nCPMG aliasing by first doubling the fieldof-view in the phase encode direction (y-axis for notation), thereby separating the two magnetizations X and Y . In this condition of doubled FOV, Eq. 2 can be seen as describing the signal generated by an object having the magnetization
and thus expanding the field-of-view in the y-direction should effectively separate the two magnetizations X (y) and Y (y + FOV). This is illustrated in Figure 1 . The final image Q(y) can be resolved from Eq. (7) by taking the separate X (y) images and the separate Y (y) images and combining them to form
which is over the desired single field of view. This reconstruction flow is illustrated in Figure 2 . However, the X (y) and Y (y) images need to be free of any phase terms. In other words, we can expect X (y), Y (y) ∈ R, but in order to determine their values, the unknown spatially varying phases
, and e j ϕ must be determined. There are many ways of doing this. If one were interested in only the magnitude of the image, which is often the case in diffusion, the trivial approach would be to take the sum of squares of the double FOV imageQ(y). That is
Since there is no interference between X (y) and Y (y + FOV), the two absolute value terms in Eq. (9) can be separated to
Because X (y), Y (y) ∈ R, this is further simplified to
Since A and b are approximately orthogonal, thus ( Ab = 0), and consequently |A + b| ≈ |A − b| within ±3% [12] . By consequence, Y (y + FOV) 2 can be shifted to Y (y) 2 and be added in quadrature to X (Y ) resulting in
While the (A + b) can be spatially varying, the magnitude |A + b| is approximately constant spatially, thus it acts as merely a scalar multiplication in Eq. 12. Finally, the magnitude is found to be
as desired. There are some caveats to this approach. The first is that X, Y ∈ R and both magnetizations could be negative. This suggests that the approach in Eq. 8 is correct if the polarity of X and Y are known. However, this can be ambiguous if we aim to resolve phase issues by taking the absolute values alone. In other words, X = |X| and Y = |Y |. However, because X, Y ∈ R, X 2 = |X| 2 and Y 2 = |Y | 2 , which suggests that the magnitudes of X and Y could be added in quadrature to resolve the magnitude image as seen in Eq. 13, which is sufficient for most applications.
B. The k-Space Sampling Strategy
While the theory behind the DFOV reconstruction is robust and in agreement with the physics described in Eq. 1, there are some remaining concerns. In particular, if the field of view is doubled, the number of phase encodes must be doubled in order to maintain resolution. Similar to DEASM, the DFOV reconstruction increases of the number of phase encodes. This necessarily increases SAR accumulation, which leads to longer repetition and scan times. The T 2 modulation over the echo train signal increases, which results in phase encode direction blurring. The echo time increases because more phase encodes are needed to cross central k-space, which leads to loss of SNR and diffusion contrast-corrupting T 2 shine-through. However, using modern reconstruction techniques, there are ways to mitigate these image compromising effects by decreasing the total needed number of phase encodes and shortening the echo time.
The first approach is to employ a partial k-space (or homodyne) acquisition [22] to reduce the echo train length. However, the homodyne technique can be problematic in diffusion imaging [23] where the image phase may not be slowly varying and there is consequently a shift of the peak Fourier sample in k y . In these cases, the number of phase encodes on the assymetrically sampled k-space (also known as "overscans") must be increased to more accurately capture and correct the image phase behavior. Otherwise, the homodyne technique will fail and lead to artifacts. Other spatially-varying phase terms introduced by the nCPMG SS-FSE sequence are easier to correct in the homodyne process. Le Roux shows [12] and are generally slowly varying. Thus, given an appropriate number of overscans to determine an accurate low resolution phase image, other spatially varying phases (A + b) and (A − b) can be corrected.
In addition to partial k-space, we use parallel imaging similar to what was done in [16] . While the Split Echo SENSE method uses parallel imaging techniques, it is susceptible to misregistration between the acquired calibration maps and the data to be reconstructed. A self-calibrating parallel imaging reconstruction is proposed. The approach used here is the ESPIRiT [24] algorithm. One requirement of any autocalibrating reconstruction method is a centrally symmetric auto-calibration region to derive a calibration kernel to be used in the parallel reconstruction. This does constrain the proposed reconstruction as central k-space is not allowed to be accelerated and thus we are left with marginally longer Fig. 3 .
The impact of various sampling patterns on the DFOV reconstruction. This figure demonstrates the need to place even phase encodes on even lines of k-space and odd phase encodes on odd lines of k-space. The R = 2 sampling case shows a mis-match in phase encode ordering between the the fully encoded and the uniformly sampled k-space, which would result in artifacts in the reconstruction. This places constraints on what accelerations can be used with a uniform sampling pattern, but with a variable sampling pattern much more flexibility is achieved. This sequence uses linear sampling with the direction indicated by the grey arrow.
echo times than what is achievable with a traditional SENSE approach.
One requirement unique to nCPMG SS-FSE is that even and odd phase encode acquisitions must correspond to even and odd k-space lines. This requirement is illustrated in Figure 3 . To achieve this spacing, between each echo, there must be 2n skipped k-space lines (where n = 0, 1, 2, . . .); otherwise the ±1 aliasing of the Y component of the magnetization will be violated. Uniform sampling of R = 2 becomes infeasible, and often R = 3 can be difficult if coil geometries do not allow aggressive accelerations. Alternatively, a variable density sampling in the phase encode direction would be appropriate so long as the number of skipped k-space lines between each echo is even. This gives flexibility in tuning the acceleration to what is appropriate for a given coil geometry while still remaining consistent with the DFOV reconstruction and nCPMG signal description.
III. METHODS

A. Sequence Parameters
A standard clinical diffusion-weighted EPI sequence, an implementation of the [16] Split Echo SENSE nCPMG SS-FSE sequence, and the proposed DFOV nCPMG SS-FSE sequence are all used in this work for comparison purposes. All scans were performed on a 3T General Electric (GE) Discovery MR750 scanner. A body coil was used for RF transmission. A 32-channel head coil was used for phantom scans while a 32-channel cardiac coil was used for in vivo abdominal scans. All volunteer subjects consented in accordance with institutional review board guidelines.
The DFOV nCPMG SS-FSE sequence was implemented by modifying a standard CPMG SS-FSE sequence to incorporate diffusion weighting, variable density sampling, and the nCPMG phase cycling. This sequence is seen in Figure 4 . Variable excitation rate Shinnar-Le Roux (DV-SLR) pulses were used for refocusing according to [25] . In each case, image matrix sizes were 128 y × 192 x pixels. The field of view for phantom scans was 20cm. All scans were multi-slice, though slice interleaving was used (as opposed to acquired each slice sequentially) with scan skip factor of 4 (e.g., in a 12 slice scan, slices were acquired according to 1, 5, 9, 2, 6, 10, 3, 7, 11, 4, 8, 12 ordering) to avoid slice crosstalk. In vivo abdomen scans varied from 20-40 cm. The TR was SAR limited to 1.5 s. All scans were ungated to achieve comparable scan time efficiency and had one excitation per TR. The slice thicknesses for phantom and abdominal scans were respectively 5 mm and 6 mm. Slice thicknesses were chosen to match the clinical protocols of our institution.
Echo time (TE) was dependent on diffusion strategy and number of overscans. TE is the time to cross center k-space in the phase encode direction. Echo time is thus calculated by
where τ is the echo spacing and n overscans is the number of overscans, or k-space lines acquired for the phase correction step in partial k-space reconstruction. Two different sampling patterns are used, one with 8 lines of overscan and another with 24 lines of overscan. In the latter case, the 24 lines of overscan were sub-sampled using a variable density pattern to 16 phase encodes. In all cases, b = 700s · mm −2 is used. Thus, for a typical 8 overscan nCPMG SS-FSE with diffusion, the TE is 63.8 ms.
In the 24 overscan case, the TE was 92 ms. Split echo SENSE acquisitions used 8 lines of overscan yielding a TE of 63.8 ms. In these cases, a separate CPMG image was acquired for calibration as in [16] .
Fat suppression was achieved through adiabatic inversion (ASPIR) [26] for SS-FSE sequences. In EPI acquisitions, spectral spatial excitation pulses were used.
B. Sampling Patterns and Reconstruction Parameters
Variable sampling allows flexibility in matching an appropriate acceleration factor with the given coil geometry. The chosen pattern was similar to what was presented in [27] . However, one key difference is that this acquisition used partial k-space to further minimize TE. Two different DFOV scans are used here: one with 8 overscans and another with 24 overscans. The former strategy was chosen to match what is standard in the SS-FSE sequence prior to modification. The latter was chosen to be consistent with the standard EPI sequence's fractional k-space coverage. The sampling patterns and sequence can be seen in Figure 4 , where the primary difference between patterns is the additional lines of overscan. Variable density reconstruction was performed using the ESPIRiT implementation in the Berkeley Advanced Reconstruction Toolbox (BART) software suite [28] . Calibration maps were generated using a kernel size of 6 with a calibration area size of 30×30. As described by [24] , ESPIRiT requires two singular value based thresholds to be set. In this work, the first threshold was set to 0.001 and the second threshold was set to 0.5, as these were found to provide reliable sensitivity maps across a number of phantom and in vivo scans. The thresholds were kept constant for all experiments. Parallel imaging/compressed sensing reconstruction was performed using 1 -wavelet regularization with a regularization parameter of 0.01. Split Echo nCPMG scans used the acquisition and reconstruction strategy described in [16] . For the comparison EPI scans, all images were acquired using parallel imaging and processed with the SENSE algorithm accelerated with R = 2, as is standard in the clinic at our institution. Table I describes each sequence used in this study in terms of its sampling strategy, FOV acquired (though in all cases, the final reconstructed FOV is the same), number of acquired phase encodes, and, finally, the fractional NEX, which is the fraction of k-space that is acquired/used in the homodyne reconstruction step. 
C. Phantom Scans
Phantom scans were performed using a doped agar ball phantom. One experiment validated the sequence and reconstruction technique in the presence of rapidly varying object phase. Object phase is encountered in the presence of bulk motion during the diffusion encoding portion of the sequence. To simulate these effects in a phantom experiment, a G y gradient blip was placed after excitation and before the echo train while the diffusion module-gradients and 180 • refocusing pulse-was removed to isolate the object phase effects. The severity of the object phase was adjusted by modifying the area of the G y blip. Here, the area of the G y blip was adjusted in three separate acquisitions to induce 2 cycles, 4 cycles, and 6 cycles across the image FOV in the phase direction. Split Echo SENSE, fully sampled DFOV with 8 and 24 overscans, and variable density sampling DFOV with 8 and 24 overscans sequences were tested. Subsequent phantom experiments did not use this additional G y blip.
SNR maps were constructed for each of the listed acquisitions along with EPI. Each of these acquisitions used the diffusion module with b = 700s · mm −2 diffusion weighting. SNR maps were determined by repetitively acquiring images with each of the following acquisitions methods: EPI, SplitEcho, DFOV 8 overscan, and DFOV 24 overscan. SNR was calculated pixel-wise as was done in [29] 
Representative ADC maps were also calculated for each of the acquisition types. Diffusion-weighted images with b = 700s · mm −2 and a T 2 image with the diffusion lobes turned off were acquired to determine ADC. The ADC was calculated by computing
at each pixel r.
D. In Vivo Scans
Volunteer abdominal scans of healthy adults were performed to compare each of the different acquisition techniques (EPI, Split Echo Sense, DFOV with 8 overscans, and DFOV Fig. 5 . The effects of object phase due to a varying G y blip on various reconstruction techniques and sampling schemes. a) The DFOV reconstruction process as the double field of view is folded on top of itself. In this case of extreme object phase, it is clear that the reconstruction breaks down after the homodyne step and prior to combining the in phase and quadrature components of the image. b) The effects of increasing object phase on various reconstruction and sampling techniques. It is clear that more overscans result in a more robust reconstruction. Additionally, the subsampling in the proposed variable density fashion does not detract from the method's robustness. with 24 overscans). Additional abdominal scans were performed on four clinical cases for comparisons between DFOV with 24 overscans and EPI. To simultaneously reduce the echo time and the effects of respiratory motion mostly in the S/I direction, abdomen SS-FSE scans encoded diffusion weighting in the [1, 1, 0] T direction. Alternatively, abdomen EPI scans encoded in all three directions simultaneously ([1, 1, 1] T ) . Clinical abdomen EPI scans also were averaged with NEX = 8 based on our institutions standard clinical protocol. Other scans were acquired with NEX = 1.
IV. RESULTS
The effects of rapidly varying object phase are seen in Figure 5 . Figure 5 (a) demonstrates that image distortions appear after the homodyne step but prior to the Q = X + jY combination. Figure 5(b) shows that these image distortions can be remedied to a large extent by increasing the number of overscans as in each DFOV example. There is, however, a boundary where the reconstruction breaks down and this is a function of number of cycles of phase across the object. There is not a substantial difference in image quality between the DFOV cases where the phase encodes are sub-sampled using the variable density patterns. Indeed, one of the more apparent differences between the fully sampled and variable density sampled cases is an increased image sharpness at the phantom edge. This is likely due to decreased echo train length, resulting in decreased echo train apodization from T 2 decay. The Split Echo SENSE approach provides a robust reconstruction in most cases.
The SNR and ADC maps are seen in Figure 6 . In these cases, the DFOV with 8 overscans and Split Echo SENSE methods provide the best SNR (30.3 and 24.8 across the region of interest, respectively). This is intuitive, both of these methods have the shortest echo times of each of the methods, particularly compared to DFOV with 24 overscans (15.5 across Fig. 7 . Normal volunteer in vivo scans of the abdomen comparing each of the SS-FSE acquisition strategies. While the SNR is lower for the 24 overscan DFOV case, the additional overscans achieves increased robustness to motion in the homodyne step compared to the 8 overscan DFOV case, as highlighted by the yellow arrow in the VD8 image. The blue arrow points to an artifact in the Split Echo SENSE image, which could be a result of a misregistration between coil calibration data and acquired image data.
the region of interest). In this latter case, 16 phase encodes are needed before reaching central k-space whereas DFOV with 8 overscans only requires 8 phase encodes. EPI also yields lower SNR (14.5 across the region of interest), and this is in line with what was observed in [16] , though in this case the SNR is much lower in comparison to the nCPMG SS-FSE methods. This is likely due to the fact that here parallel imaging is used for EPI rather than fully sampling. Parallel imaging has the benefit of more robustness to off-resonance for EPI but does penalize SNR.
ADC maps are also presented in Figure 6 . Here, the EPI scan gives an average ADC value of 1.853 × 10 −3 mm 2 · s −1 for the agar ball phantom and is assumed to be the true ADC. The closest SS-FSE technique was DFOV with 8 overscans, which was 1.878 × 10 −3 mm 2 · s −1 . Increasing the number of overscans lowered the calculated ADC values to 1.798 × 10 −3 mm 2 · s −1 . Split Echo SENSE gives a higher ADC value than the EPI case at 1.970 × 10 −3 mm 2 · s −1 . This trend of overestimating ADC for Split Echo SENSE is in line with what was reported in [16] , though here the overestimation is lower than that previously reported [16] . It is also worth noting that the DFOV with 8 overscan case gave the most uniform ADC map of all the SS-FSE techniques. The Split Echo SENSE gives the most heterogeneous ADC map, which is again similar to what has been observed. The DFOV with 24 overscan case gives a map that appears more homogeneous than the Split Echo SENSE map, but shows higher image noise in the center of the phantom, as opposed to having a distinct artifact.
Normal volunteer in vivo abdomen scans are seen in Figure 7 . In this figure, various SS-FSE acquisitions are compared. In the nCPMG SS-FSE images, the DFOV overscan 24 image shows the fewest artifacts. In the DFOV overscan 8 case, artifacts related to partial k-space reconstruction are seen in the kidneys, which are highlighted using a yellow arrow. The kidney disappears in the Split Echo acquisition, highlighted by a blue arrow, which is likely a motion artifact due to misregistration between the calibration map and the acquired diffusion data.
Patient in vivo scans are seen in Figure 8 . This figure compares clinical results between the EPI clinical protocol and the proposed SS-FSE acquisition with DFOV reconstruction and 24 overscans. In these images, the red arrows indicate areas of off-resonance distortion in the EPI images that are not present in the SS-FSE images. Yellow arrows highlight the ovarian teratoma seen in Patient D. In both the EPI and SS-FSE images, the contrast is similar for the teratoma, though the EPI image does suffer some distortion near the teratoma due to proximal bowel gas. In the SS-FSE images, there is no distortion.
V. DISCUSSION
As is often the case with nCPMG SS-FSE diffusionweighted imaging, the proposed DFOV technique is subject to trade-offs. The object phase experiments demonstrate that the DFOV reconstruction is sensitive to errors in homodyne processing, which can be remedied by increasing the number of overscans. A larger number of overscans can be problematic in diffusion imaging because of the lengthening of echo time. Thus, this proposed DFOV technique would need to be tuned for the intended application to minimize the number of overscans.
In areas where motion is more subtle, a reduced number of overscans can be used. Phantom scans show that this helps with SNR and ADC quantification. Consequently, when imaging in areas with less motion, the advantage of being able to use a shorter echo time would outweigh any benefit gained from increasing the number of overscans.
In areas where motion is more severe, such as the abdomen, more overscans are needed. The volunteer abdominal images comparing the various techniques suggest as much, with the DFOV VD8 images having artifacts not present in the DFOV VD24 case. The Split Echo images indicate that this approach is also susceptible to motion as evidenced by the artifacts seen in those images. While there is SNR degradation and potentially increased T 2 shine-through in the DFOV VD24 case, often the goal of the scan is for lesion detection and simple diffusion contrast between lesion and tissue is sufficient. Indeed, it has been shown [30] that longer echo times do not necessarily diminish the clinical utility in diagnosing certain lesions. In the clinical cases presented here, despite the SNR degradation, lesion detection is still possible, as seen by the teratoma case.
While the clinical EPI cases do have higher SNR than what is observed in the nCPMG SS-FSE cases, these images are modulus averaged with NEX = 8, whereas the SS-FSE is NEX = 1. If one were to use a multi-NEX approach, it is possible to increase SNR for an SS-FSE sequence. However, shot-to-shot misregistration can cause ghosting artifacts. More problematic is that a multi-NEX sequence will increase the total scan time considerably since the TR is already SAR limited. This could be remedied to an extent by using a more aggressive variable rate selective excitation (VERSE) [31] [32] [33] shaping and lengthening the pulse duration of the refocusing RF pulses in order to lower peak B 1 at the cost of increasing the echo spacing.
The comparison between the Split Echo SENSE and DFOV images shows that the Split Echo technique is susceptible to motion artifacts due to the reliance on a separate reference scan. This motion sensitivity could be reduced through respiratory gating. Respiratory gating can greatly increase scan time, particularly with adolescent patients whose breathing patterns can become irregular during the examination. However, in some anatomies that would see less motion (e.g., the pelvis), the Split Echo SENSE technique would be appropriate.
The DFOV method is more robust against respiratory motion as it is self-calibrating. Because the DFOV is not susceptible to misregistration artifacts, respiratory gating becomes less critical. Consequently, DFOV simplifies the clinical scanning workflow based on the absence of a separate calibration scan as well as potential gating requirements. The DFOV sequence allows a shorter protocol, which allows faster throughput in the clinic. While the gains in this respect can vary from patient to patient, any reduction in exam complexity is generally appreciated in the clinical environment.
In all cases, EPI exhibits superior image sharpness. This is an intrinsic advantage that EPI has over any diffusion SS-FSE sequence as the EPI echo spacing is much shorter than what is achievable in SS-FSE sequences. This has been documented extensively [13] , [16] . While the variable density DFOV approach does, to a certain extent, ameliorate T 2 modulation through parallel imaging, it remains an area for further development. In its current form, diffusion-weighted nCPMG SS-FSE then becomes a trade-off between increased robustness in areas of off-resonance at the cost of some image sharpness. In body diffusion-weighted imaging, particularly in the abdomen where significant magnetic susceptibility variations are present at air/tissue interfaces, off-resonance artifacts become problematic for EPI. As a consequence, these cases could be ideal for diffusion-weighted nCPMG SS-FSE with the DFOV acquisition/reconstruction.
VI. CONCLUSION
This paper presents a new reconstruction approach for nCPMG SS-FSE imaging which conforms with the SS-FSE signal model and does not require a separate calibration scan for parallel imaging. Comparisons are given in phantom and in vivo between EPI, previous nCPMG SS-FSE methods, and the proposed approach. Quantitative phantom results for the proposed approach compared favorably against EPI and especially against the previously proposed nCPMG SS-FSE technique. In vivo results suggest that the proposed approach is robust against off-resonance distortion as well as object motion so long as a sufficient number of overscans are used.
